analysis and surface biotinylation. Intracellularly retained S proteins only contained endoglycosidase H-sensitive N-glycans, whereas mutant proteins that migrated to the plasma membrane acquired N-linked oligosaccharides of the complex type. Corresponding tyrosine residues are present in the cytoplasmic tails of the S proteins of other animal CoV but not in the tail portion of the S protein of severe acute respiratory syndrome (SARS)-CoV. Changing the SEPV tetrapeptide in the cytoplasmic tail to YEPI resulted in intracellular retention of the S protein of SARS-CoV. As the S proteins of CoV have receptor binding and fusion activities and are the main target of neutralizing antibodies, the differences in the transport behavior of the S proteins suggest different strategies in the virus host interactions between SARS-CoV and other coronaviruses.
In enveloped viruses, virion morphogenesis is the result of a budding process at a cellular membrane (1) . This maturation process may occur at the plasma membrane, e.g. in the case of human immunodeficiency virus or influenza viruses, or at an intracellular compartment. Coronavirus (CoV) 1 maturation takes place at the cis-Golgi network also known as endoplasmic reticulum-Golgi intermediate compartment (2, 3) . The surface proteins of enveloped viruses are usually transported to the membrane compartment where a budding process results in the release of virions. This has been shown for model viruses such as the influenza and vesicular stomatitis viruses (1) . There are, however, examples of viruses where the sites of glycoprotein accumulation and virus maturation do not coincide. The measles virus is released from the apical plasma membrane of polarized epithelial cells, although both the H and F proteins are predominantly transported to the basolateral cell surface (4) . On the other hand, the Marburg virus is released from the basolateral plasma membrane, although the viral glycoprotein gp is expressed mainly on the apical surface (5) .
Coronaviruses are known human and animal pathogens that mainly affect the epithelium of the respiratory or intestinal tract. They are positive-stranded RNA viruses that contain three membrane proteins incorporated into the lipid envelope, M, S, and E. The M protein is a glycoprotein with three or four transmembrane domains (6) . Its large carboxyl terminus is oriented toward the cytoplasm and most probably interacts with the nucleocapsid during budding (7) . When expressed alone, the M is localized in the cis-Golgi network or cis-Golgi complex as reported for transmissible gastroenteritis virus (TGEV) (8) and for avian infectious bronchitis virus (9) , or it reaches the trans-Golgi cisternae or the trans-Golgi network in the case of the murine hepatitis virus (10) . The information for the intracellular localization of M resides within the first transmembrane domain (11) and additionally, in the carboxyl-terminal portion (12) . The E protein is a small membrane protein with a single membrane-spanning domain. It has been reported to transiently reside in a pre-Golgi compartment (13) before it progresses to the Golgi apparatus (14, 15) . The six carboxylterminal amino acids, RDKLYS, have been shown to be essential for the temporary retention within the pre-Golgi compartment (13) . The third membrane protein, the spike (S) glycoprotein, forms the corona-like projections of the virion surface on electron micrographs (16) . It has receptor-binding and membrane-fusion activities and is the main target of the immune response elicited by a coronavirus infection. Using Vaccinia virus or baculovirus expression systems, the S protein has been found to be present on the cell surface, although transport kinetics suggested a very inefficient transport (17, 18) . These results together with the finding that M and E protein can induce the formation of virus-like particles (19) suggested that the S protein does not determine the site of virus maturation.
We used plasmid vectors for the expression of the S protein of porcine TGEV, and the human coronavirus associated with severe acute respiratory syndrome (SARS-CoV). We found that the TGEV S protein is intracellularly retained because of a tyrosine-based signal within the cytoplasmic tail. In contrast, the S protein of SARS-CoV lacks a tyrosine residue in the corresponding tail portion as revealed by sequence alignments, and in fact, it is transported to the cell surface. A replacement of the tetrapeptide SEPV by YPEI resulted in intracellular retention of SARS-CoV S protein.
EXPERIMENTAL PROCEDURES
Cells-BSR-T7/5 cells stably expressing T7 RNA polymerase were kindly provided by Dr. Conzelmann (Ludwig-Maximilians-Universitä t, Munich, Germany). The cells were propagated in minimal essential medium supplemented with 5% fetal calf serum, non-essential amino acids, and 0.5 mg/ml of Geneticin.
Construction of Plasmids-The S protein gene of TGEV, strain PUR-46-MAD, (20) was amplified from the plasmid pYATS-4 by PCR using oligonucleotides a and b (see Table I ). Primer a contained an EcoRI, primer b a PstI restriction site, which allowed to clone the PCR product into the respective sites of the pTM1 vector (21) resulting in pTM1-SSS (SSS indicates that ectodomain, membrane anchor, and cytoplasmic tail are derived from the S protein). The open reading frame of SSS was identical to the published sequence (GenBank TM accession number M94101).
To construct a chimeric protein-containing parts of the TGEV S and Sendai virus F protein, the F gene region coding for the membrane anchor and carboxyl-terminal domain of the F protein of the Sendai virus (strain Fushimi) was amplified from the plasmid pcDNA3.1-F (kindly provided by Dr. Neubert, Max-Planck-Institut fü r Biochemie, Martinsried, Germany) by PCR using oligonucleotides e and f. In parallel, SSS was used as template for a PCR with oligonucleotides c and d. These two PCR products were purified (PCR Purification Kit, Qiagen), mixed in a molar ratio of 1:1, and heated for 2 min at 95°C for denaturation. The mixture was incubated at 60°C for 2 min to allow the two fragments to anneal to each other. Hybridization was mediated by overlapping complementary sequences that were introduced into the PCR fragments by 5Ј-overhangs of the oligonucleotides d and e. A complete double-stranded DNA hybrid was obtained after incubating the mixture with Pfu polymerase (MBI Fermentas) at 72°C for 1 min and 30 s. The chimeric gene was subsequently amplified by PCR with oligonucleotides c and f. The PCR product was ligated into the pTM1-SSS plasmid using the PstI restriction site at the 5Ј-end of oligonucleotide f and the SpeI restriction site located ϳ50 nucleotides upstream of the binding site of oligonucleotide c. The new part of the resulting plasmid pTM1-SFF was sequenced and found to be identical to the published sequences (GenBank TM , M94101, D00152). A similar overlapping PCR technique was applied for the construction of all other chimeric and mutant protein genes. The protein domains and oligonucleotides used are indicated in Fig. 1 and Table I , respectively. For mutants E1441A, P1442A, I1443A, and E1444A the primer pairs p-q, r-s, t-u, and v-w, respectively, were used. The S protein gene of SARS-CoV (strain CUHK-W1) was amplified by PCR from the plasmid pcDNA3.1-S with oligonucleotides A and B and ligated into the pTM1 vector via restriction sites EcoRI and BamHI resulting in the plasmid pTM1-SARS-CoV-S. The sequence of the total open reading frame of SARS-CoV-S was found to be identical to the published sequence (Gen-Bank TM accession number AY278554). Primers used for generation of mutant S1243Y are shown in Fig. 1 . For mutant S1243Y/V1246I, oligonucleotides D and E were replaced by F and G. The SARS-CoV-S mutants were generated using restriction sites BamHI (5Ј-end of oligonucleotide B) and EcoRV (ϳ80 nucleotides upstream of the oligonucleotide C binding site).
Immunofluorescence-BSR-T7/5 cells grown on 12-mm diameter coverslips were transfected with 1 g of plasmid DNA, 0.5 g of the plasmid pC-T7Pol (kindly provided by Dr. Kawaoka, University of Wisconsin-Madison, Madison, WI) coding for T7 RNA polymerase, and 2 l of LipofectAMINE 2000 Reagent (Invitrogen) and incubated at 37°C for 24 h. One part of the fixed cell preparations was permeabilized with 0.2% Triton/phosphate-buffered saline for 5 min. The TGEV-S ectodomain was detected with a monoclonal antibody (6A.C3) against the viral S protein (22) at a dilution of 1:200 in 1% bovine serum albumin, phosphate-buffered saline followed by incubation with a fluorescein isothiocyanate-conjugated second antibody (donkey anti-mouse, 1:200, Acris). For detection of the SARS-CoV-S ectodomain the cells were incubated with human patient serum (1:1000) and antihuman-fluorescein isothiocyanate antibody (from goat, 1:200, Sigma). Fluorescence was visualized with a Zeiss Axioplan 2 microscope.
Surface Biotinylation and Immunoprecipitation of Proteins-BSR-T7/5 cells grown in 35-mm diameter dishes were transfected with 3 g of plasmid DNA, 1 g of pC-T7Pol, and 10 l of LipofectAMINE 2000 Reagent. At 24-h post-transfection cell surface proteins were labeled with a N-hydroxy-succinimide ester of biotin (0.5 mg/ml phosphatebuffered saline, Pierce). The viral antigens were immunoprecipitated from the cell lysates as described by Zimmer et al. (23, 24) . For immunoprecipitation, the monoclonal anti-TGEV S protein antibody (6A.C3) was used.
Western Blot Analysis of Transfected Cells-At 24-h post-transfection BSR-T7/5 cells grown in 35-mm diameter dishes (see above) were lysed as described by Köhl et al. (25) . For Western blot analysis the nitrocellulose was incubated with monoclonal antibody 6A.C3 (1:200) followed by incubation with a peroxidase-conjugated second antibody (goat anti-mouse, 1:1000, DAKO). The bound antibodies were visualized by chemoluminescence (24) .
TABLE I Primers used for plasmid constructions
Radiolabeling and Treatment with Endoglycosidases-At 48-h posttransfection (ExGen 500, Fermentas) BSR-T7/5 cells grown in 35-mm diameter dishes (see above) were metabolically labeled with 50 Ci of [ 35 S]methionine (Amersham Biosciences) for 4 h as described by Alfalah et al. (26) . Digestion of [ 35 S]methionine-labeled immunoprecipitates with endoglycosidase H (New England Biolabs) and N-glycosidase F (Roche Applied Science) was performed as described by Naim et al. (27) . The samples were loaded on a 6% SDS-gel (6 mA, overnight, Bio-Rad). After electrophoresis, proteins were visualized using a PhosphorImager (Bio-Rad).
RESULTS
The transport of the TGEV S protein was analyzed using plasmid vectors that avoid overexpression. Expression vectors that depended on nuclear transcription turned out to be very inefficient. Therefore, all constructs ( Fig. 1) were cloned into the pTM1 vector under the control of the T7 promoter and transiently expressed in BSR-T7/5 cells that stably express the T7 RNA polymerase. Fig. 2 shows that the S protein (SSS) was detectable by fluorescence microscopy after intracellular but not after surface staining. The absence of S protein from the cell surface cannot be explained by rapid internalization, because an antibody uptake assay did not provide any evidence for endocytosis of the S protein (not shown). Glycosylation analysis (see below) also indicates that the lack of surface expression is because of intracellular retention rather than endocytotic uptake. To assign a potential transport signal to the ectodomain, membrane anchor, or cytoplasmic tail, chimeric proteins were generated that contained either one of the two latter domains from the fusion protein (F) of Sendai virus. Replacement of the membrane anchor ( Fig. 2 , SFS) did not result in a different transport behavior. In contrast, chimeric proteins containing the tail portion ( Fig. 2, SSF) or both the tail and the membrane anchor ( Fig. 2, SFF) from the Sendai virus F protein were transported to the cell surface. This result strongly suggested that the information determining the intra- Table I ).
cellular retention of the TGEV S protein is present in the cytoplasmic tail.
The range of amino acids within the cytoplasmic tail of the S protein that is required for intracellular retention was narrowed down by an analysis of deletion mutants that lacked 5, 10, or 14 amino acids from the carboxyl terminus. Deletion of the carboxyl-terminal five amino acids (KVHVH) did not alter the transport characteristics of the S protein. However, further truncation of the tail by five residues resulted in a protein that was transported to the cell surface (not shown). This result indicates that the peptide 1440 YEPIE 1444 contains essential information for the intracellular localization of the S protein.
The importance of individual amino acids within this sequence was determined by an alanine scan. Only replacement of Tyr-1440 and Ile-1443 resulted in a transport of S protein to the cell surface ( Fig. 3) . These data suggest that the intracellular localization signal of the S protein resembles the Tyr-Xxx-Xxx-Ile signal that is responsible in many proteins for endocytosis and/or transport to the basolateral surface of polarized epithelial cells.
To confirm the results obtained from immunofluorescence studies, the transport of parental, mutant, and chimeric S proteins to the plasma membrane was analyzed by cell surface biotinylation. Following application of the membrane-impermeable biotinylating reagent to intact cells, only the proteins previously detected by surface immunofluorescence were labeled with biotin, as expected (Fig. 4A) . The lysates of cells expressing either of the different proteins were also analyzed by Western blot. Interestingly all proteins that were transported to the cell surface presented a double band profile, whereas intracellularly retained proteins only presented the lower band (Fig. 4B ). In the case of the point mutants (Fig. 4B , lanes e and h) the upper band is less prominent than in the case of the chimeric proteins suggesting that amino acids other than the tyrosine and isoleucine residue also contribute to intracellular localization. The upper band most likely represents proteins with complex N-glycans, whereas proteins containing high mannose oligosaccharides are expected in the lower band. To verify this interpretation, radiolabeled cell lysates expressing either the SSS or the SSF protein were subjected to immunoprecipitation and treatment with either endoglycosidase H or N-glycosidase F. Both the lower and the upper band were detected with the SSF protein, whereas the SSS protein revealed only the lower band (Fig. 5 ). The band between the two forms of the S protein was present also in the mock-transfected samples and is therefore not related to the S protein. Treatment of the SSS protein with endoglycosidase H resulted in a substantial shift to a band with an apparent molecular mass of about 150 kDa. Likewise, a significant reduction in the size of the SSS protein was revealed upon N-glycosidase F treatment although not to the same level as that obtained with endoglycosidase H. This difference is because of the specificity of currently available N-glycosidase F preparations, which make it difficult to completely deglycosylate glycoproteins with a large number of N-glycans. Altogether, the combined analysis with endoglycosidase H and N-glycosidase F indicates that the glycosylation of the lower band is of the high mannose type. The effect of endoglycosidase H treatment on the lower band of the SSF protein was the same as that on the corresponding band of SSS. However, endoglycosidase H treatment of the upper band of SSF resulted only in a slight increase of the electrophoretic mobility indicating that this protein contains only a small number of oligosaccharides of the high mannose type. This band almost migrated with the nonspecific band mentioned above; however, the increased intensity compared with the mock-transfected sample indicates that the endoglycosidase H-digested protein is also located in this position. The predominant resistance of the upper band to endoglycosidase H is consistent with a substantial conversion of the oligosaccharides in this protein form to complex N-glycans in the Golgi apparatus. These results are summarized as follows. When the TGEV S protein contains the YXXI motif it is intracellularly retained, and therefore, not fully glycosylated consisting of a single low sized band. In contrast, when the C-tail of TGEV S protein is substituted by that of the F protein, the retention profile is lost being efficiently transported through the Golgi complex to the cell membrane, as demonstrated by its glycosylation profile.
Some well characterized representatives of the different taxonomic groups of coronaviruses are TGEV and feline infectious peritonitis virus (group 1), bovine coronavirus and mouse hepatitis virus (group 2), and infectious bronchitis virus (group 3). Although the S proteins of these viruses show pronounced sequence differences in the cytoplasmic tail portion, they all contain at least one tyrosine residue that might be part of a retention signal. By contrast, the tyrosine residue in the tail of the SARS coronavirus S protein is located at position Ϫ2 from the carboxyl terminus and thus cannot be part of a YXX ( representing a large aliphatic amino acid such as isoleucine) motif. We wondered whether the SARS-CoV S protein also contains an intracellular localization signal. Unexpectedly, in contrast to TGEV S protein the SARS-CoV S protein was efficiently transported to the cell surface as observed by surface immunofluorescence (Fig. 6 ). Interestingly, sequence comparisons showed that the tetrapeptide YEPI within the TGEV S protein that is responsible for S protein intracellular retention closely resembled the tetrapeptide SEPV present in SARS-CoV S protein tail. In both cases, the dipeptide EP is followed by a hydrophobic amino acid (V or I, respectively). Moreover, these motifs have similar locations within the respective cytoplasmic tails, amino acids 7-10 from the carboxyl terminus in the case of TGEV and amino acids 10 -13 in the case of SARS-CoV. By site-directed mutagenesis a mutant protein was generated in which the serine was replaced by a tyrosine residue. The S1243Y mutant was transported to the cell surface. However, when in addition to the S 3 Y exchange the valine was replaced by an isoleucine residue, the resulting S1243Y/V1246I mutant was predominantly retained intracellularly. Only a few cells showed a faint surface staining. This finding demonstrates the importance of the YXXI motif for the intracellular localization of the coronavirus S protein.
DISCUSSION
It is well established that tyrosine residues in the cytoplasmic tail of membrane proteins play an important role in intracellular sorting events. Most of these signals conform to the minimal consensus motifs YXX or NPXY. The former type of sorting signal is currently best understood. Depending on the context of a specific protein, YXX signals may mediate rapid internalization from the cell surface, lysosomal targeting, localization to specialized organelles such as antigen-processing compartment or the trans-Golgi network, or delivery to the basolateral plasma membrane of polarized epithelial cells (28) . These different functions require the interaction of the signal with recognition molecules associated with the different sites of protein sorting. Binding partners of YXX motifs are a group of adaptor proteins. The 2 subunit of the heterotetrameric adaptor proteins complex has been shown to interact with the tyrosine-containing sorting signal (29) . The YXX motif binds in an extended conformation to a region of the 2 molecule having pockets for both the Y and residues. Variation in the recognition is achieved by different affinities of the sorting signal to the various adaptor protein complexes, which may be affected by changes within or around the YXX motif.
Tyrosine-containing signals are mainly known for regulating post-Golgi transport events. Our data showed that YXX motifs may also affect transport in the early secretory pathway. The CD3 ⑀ chain of the T cell receptor has also been demonstrated to contain a retention signal in the cytoplasmic tail (30) . Here a YXXL motif is responsible for localization within the endoplasmic reticulum. The sequence requirements of the TGEV S protein and CD3 ⑀ for intracellular localization are not the same. For the latter protein it has been reported that, in addition to Tyr-177 and Leu-180, Arg-183 is involved in ER retention (31) . In the corresponding position of the S protein there is a valine residue, a replacement of which does not affect intracellular retention as indicated by analysis of a deletion mutant. The two proteins appear to differ in their interaction with cellular binding partners that mediate intracellular retention. Although the tyrosine and isoleucine residues are critical for the transport behavior of the TGEV S protein, other residues are expected also to affect intracellular localization. A YTDI motif in the tail of the VSV G protein is responsible for targeting of this protein to the basolateral surface of epithelial cells. The cytoplasmic tail of G protein is known to contain a specific export signal for the transport out of the ER. A di-acidic motif around the above mentioned isoleucine residue (Asp-Ile-Glu), has been shown to efficiently recruit G and other proteins to vesicles mediating export from the ER (32) . The extended sequence Tyr-Thr-Asp-Ile-Glu-Met comprising the complete YXXI motif has been reported to further increase the export efficiency and to be functional also on proteins that otherwise only inefficiently exit the ER (33) .
In a recent analysis of the S protein of avian infectious bronchitis virus, the viral glycoprotein was reported to be intracellularly retained because of a dilysine motif that is present also in cellular proteins that are retained in the ER (34) . These authors mainly analyzed the chimeric proteins consisting of the ectodomain and transmembrane anchor of the VSV G protein and the cytoplasmic tail of the infectious bronchitis virus. When the 11 carboxyl-terminal amino acids of this chimeric protein were replaced by the corresponding peptide of the S proteins of TGEV or SARS-CoV, the chimeric proteins were retained intracellularly. Retention was shown to be mediated by the two basic residues (lysine and histidine) among the five carboxyl-terminal amino acids (KXHXX). However, this motif appears not to be a major transport signal in the authentic S proteins, (i) a deletion mutant of the TGEV S protein lacking the five carboxyl-terminal residues was still intracellularly retained (this work), and (ii) the S protein of the SARS coronavirus is transported to the cell surface (Ref. 35 and this work). The KXHXX motif may have a modulating effect, because the endoglycosidase H-resistant form of the S protein was expressed less efficiently by the Y1440A and I1443A mutants than it was by the chimeric proteins.
Expression of S proteins from the nucleus was found to be inefficient. As TGEV replicates in the cytoplasm, the S gene may contain cryptic splice sites or other sequence elements that are detrimental for mRNA processing in the nucleus. Efficient expression of the S protein has been reported when Vaccinia virus or baculovirus was used (17, 18, 36) . Although these viral vectors are very efficient expression vectors, surface transport of the S protein was inefficient. Using the Vaccinia virus for expression of the S protein of TGEV, only some protein was detected on the plasma membrane, whereas the majority of the S protein was intracellularly retained (36) . In the case of feline infectious peritonitis virus, it has been reported that the Vaccinia virus expressed S protein acquired resistance to endoglycosidase H with a half-time of 3 h. This inefficient surface transport may be explained by saturation of the cellular retention machinery. Once the synthesis of an intracellularly retained protein has exceeded a threshold value, the cellular interaction partners become saturated and are not able to retain the excess amount of protein. This phenomenon has been reported for cellular proteins that are retained intracellularly, e.g. endoplasmic reticulum-Golgi intermediate compartment-53 (37) . Maturation of coronaviruses occurs by a budding process at the cis-Golgi network/endoplasmic reticulum-Golgi intermediate compartment (2) . Two of the coronavirus envelope proteins, E and M, are known to be intracellularly retained (9, 10) . We have shown that the S protein of TGEV is also not transported to the cell surface. For optimal virus production, it appears reasonable that the membrane proteins are enriched at the compartment where virus budding occurs. Intracellular retention of the viral membrane proteins may also delay the time point when the infected cell is recognized by the cellular defense mechanisms such as antibodies. With some coronaviruses infected cells fuse with uninfected cells forming multinucleated cells. This syncytium formation can occur when late in infection due to overproduction, the S protein cannot be retained anymore intracellularly and is transported to the cell surface. Intracellular retention in the early stage of infection may delay this cell-damaging effect and therefore contribute to optimal virus production. The absence of viral glycoprotein from the cell surface may also avoid other defense mechanisms, e.g. complement activation. Most coronaviruses contain a tyrosine residue in the cytoplasmic tail of the S proteins that may serve as a retention signal. In fact, experimental data show that the S proteins of infectious bronchitis virus (34) 2 and bovine coronavirus (38) are also intracellularly retained. In this respect SARS-CoV is an exception, because the S protein is transported to the cell surface. This virus appears to have a different strategy of virus host interaction. Perhaps optimal virus production is not a point of highest priority for this virus, and interaction of the surface-expressed S protein with neighboring uninfected cells provides some advantage, e.g. cell-to-cell spread of infection. Future studies will have to show the importance of this retention signal for coronavirus infection and virulence. Additionally, identification of the cellular proteins responsible for coronavirus S protein intracellular retention will allow to study the importance of host cellular proteins in coronavirus morphogenesis and infection.
